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Abstract 
 
 
While the emission rate of ultrafine particles has been measured and quantified, there 
is very little information on the emission rates of ions and charged particles from laser 
printers. This paper describes a methodology that can be adopted for measuring the 
surface charge density on printed paper and the ion and charged particle emissions 
during operation of a high-emitting laser printer and shows how emission rates of 
ultrafine particles, ions and charged particles may be quantified using a controlled 
experiment within a closed chamber. 
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Introduction 
 
Recent studies have shown that, during the operation of laser printers, large numbers 
of particles are released into the air [1,2]. These particles are mainly in the ultrafine 
size range (below 100 nm in diameter) and mostly volatile or semivolatile in nature 
[3]. The particle number emission rate was found to vary widely between printers 
from about 106 to over 109 particles per sheet of paper printed. The increased use of 
laser printers in office environments and the continued exposure to such large 
concentrations of ultrafine particles [4] raises concerns on their effect on human 
health aspects such as respiratory or cardiovascular diseases [5]. The precise role of 
ultrafine particles in health effects is poorly understood, although it is well known that 
the smaller the particle, the greater is its ability to penetrate deeper into the lungs and 
be deposited there [6,7]. Ultrafine particles have a greater surface to mass ratio than 
larger particles and can carry more adsorbed or condensed air pollutants. Many of the 
pollutants from combustion sources such as motor vehicles and cigarette smoke have 
been identified as having pro-inflammatory effects [7]. However, there is very little 
information on the chemical composition of ultrafine particles emitted by laser 
printers [3]. Furthermore, studies have shown that the deposition rate of particles in 
the lungs may be enhanced if they carry an electrical charge [8]. It has been shown 
that singly charged 20 nm and 125 nm particles were respectively 5.3 and 6.2 times 
more likely to be deposited in the lungs than uncharged particles of the same size [9]. 
 
The basic principle of operation of a laser printer involves static electricity. A 
revolving drum acts as a photoreceptor that is given a positive charge. A laser beam 
‘draws’ an electrostatic image on the surface of the drum by discharging the regions 
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pertaining to the image to be printed. The drum is then exposed to positively charged 
toner that clings to the discharged areas forming a powder pattern. The paper is given 
a negative charge and rolled over the drum to pull the toner powder pattern away from 
its surface. The paper is next passed through the fuser roller that melts the toner 
powder and fuses it into the fibre of the paper forming the printed page. Some printers 
may operate with the charge polarities reversed, that is positive paper with negative 
drum and toner powder. Consequently, it is very possible that printer operation is 
accompanied by the release of ions into the environment, either as free ions or 
charged particles. Jiang and Lu [10] estimated the surface charge on the solid particles 
emitted by a laser printer by capturing the particles in deionized water in a gas-wash 
bottle and measuring the zeta potential. They confirmed that the particles carried a net 
negative charge in the range of about 260 to 379 elementary charges. However, this is 
not the best method to measure charges on airborne particles. In a previous study (3), 
we used a volatilization and humidification tandem differential mobility analyser 
(VH-TDMA) to show that ultrafine particles emitted by laser printers were largely 
volatile and of secondary nature, being formed in the air from volatile organic 
compounds originating from both the paper and hot toner.  Thus, in the Jiang and Lu 
study, a considerable portion of the charge carried by the particles may well have 
been lost during the capture process because liquid phase particles would not remain 
as particles when dispersed into the water in the gas-wash bottle. 
 
In this paper, we describe a method for directly measuring the charge on printer-
produced particles. We first describe a method to determine the net surface charge 
density on a sheet of paper printed out by a laser printer. Next, we describe a method 
for measuring the number of ultrafine particles, charged particles and small ions of 
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both signs that are produced. We make no attempt to classify the various makes and 
models of laser printers in terms of the emission rates of these particles and charges, 
and merely provide the possible means for doing so. Considering that the deposition 
rate of ultrafine particles in the human respiratory system is enhanced when they are 
electrically charged, such a study will be useful in indoor air quality risk assessment 
models. 
 
 
1. Methods 
 
 2.1 Instrumentation 
  
 For this study, we selected the popular monochrome laser printer HP Laserjet 1320N 
as it had been previously identified as a relatively high particle number emitter [1,3]. 
  
The parameters measured and the respective instruments used are as follows: 
 
Ultrafine particle number concentration (PNC) was monitored with a TSI 
condensation particle counter (CPC) model 3022A and a TSI PTrak ultrafine particle 
monitor which have detectable size ranges of 7 nm – 3 μm  and 20 nm – 1.0 μm, 
respectively. Particle number size distributions were monitored with two TSI 
scanning mobility particle sizers (SMPS) model 3934 and 3936 in the size ranges 10 – 
400 nm and 3 -160 nm, respectively. PNC and count median diameter (CMD) were 
derived from the distributions. 
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Particle charge concentration (PCC) was determined with a TSI 3068 aerosol 
electrometer [11]. This instrument draws ambient air through a HEPA filter attached 
to the input of a high impedance electrometer, and measures the net charge present on 
aerosol particles in the size range 2 nm to 5 μm. A nominal air flow rate of 6.0 L 
min-1 gives a lower detectable total particle charge concentration of about 60 ions 
cm-3. 
 
Positive and negative air ions were monitored with two AlphaLab Air Ion Monitors. 
This hand-held instrument operates by drawing atmospheric air through a parallel 
plate polarization electric field at a fixed flow rate and monitoring the current flowing 
from the plates to ground. The instrument has a dynamic range of 10 – 106 ions cm-3 
with a minimum detectable charge concentration of 10 ions cm-3. It is designed to 
detect air ions smaller than 1.6 nm. These, so-called small ions are generally 
molecular clusters and do not include the larger ions or charged particles. Nominal 
response time is about 1 s. The instrument has the capability of monitoring negative 
and positive ions separately, but not simultaneously and, in order to monitor both 
types of ions at the same time, two identical instruments were employed. 
 
A JCI 140 electric fieldmeter was used to monitor the dc electric field near the printer. 
This is a compact, battery-operated instrument that uses a rotating chopper to 
alternately expose and shield a conductor plate to the electric field. The resulting 
current to ground due to the induced voltage on the plate is a measure of the dc 
electric field. The instrument has a time response of 50 ms and an electric field 
resolution of 10 V m-1. 
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The air temperature and relative humidity were monitored with a TSI QTrak monitor. 
All data were logged at intervals of 1s. 
 
2.2 Study Design 
 
The study was conducted in two parts. The first part was aimed at investigating the 
charge carried on the printed paper, and was carried out on a laboratory bench. The 
printer was set to print single-sided A4 sheets with standard monochrome toner 
coverage of 5% at regular time intervals of about 30 s. Five experimental runs of ten 
sheets each were conducted. The printed papers were collected one over the other on 
the out tray. The PTrak particle monitor, aerosol electrometer and the two air ion 
monitors were set up to sample the air from a point about 5 cm above the printer. 
Even when there were no ions in the air, due to induced voltages, the ion monitor 
plates were sensitive to changing electric fields nearby such as that on moving 
charged objects. This feature was used to detect bound charges on the printed sheets 
as they emerged on to the out tray of the printer. The electric fields were quantified by 
the fieldmeter which was fixed with its sensing surface facing vertically downwards at 
a height of 10 cm above the paper-out tray. Using the expression derived from 
Gauss’s Law of Electrostatics for the dc electric field at a distance of 10 cm away 
from a flat, uniformly charged sheet, we were able to estimate the surface charge 
density on the paper. 
 
The second part of the study was aimed at investigating the small ions and charged 
particles emitted by the printers and were conducted within a cubic chamber of 
volume 1 m3. The chamber was constructed of plywood, with the inside walls painted 
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with gloss paint. A block diagram of the chamber is shown in Fig 1. The printer was 
placed at the centre of the floor of the box. The two ion monitors were placed on one 
side of the printer and positioned away from the printer out-tray so that the readings 
represented small ion concentrations in the air, and were not influenced and modified 
by bound charges on the paper. The electric fieldmeter was set up near a wall of the 
chamber, looking inwards, to detect the presence of charges in the air. All other 
instruments were located outside the chamber, sampling the chamber air through short 
lengths of conductive rubber tubing. The air in the chamber was mixed using a small 
fan placed on the floor. Homogeneity of the particle concentration within the chamber 
was checked by sampling at different heights during a test study. The maximum 
difference in PNC was found to be less than 10%. The chamber was flushed with 
particle-free air forced through a HEPA filter for about an hour prior to each 
experiment to allow the particle and ion concentrations to be minimised. No charge 
was detected in the chamber before printing. When the PNC had fallen to below about 
10 cm-3, as measured by the CPC, the filtered air flow was stopped and the printing 
commenced. Each print run consisted of 150 A4 sheets with standard monochrome 
toner coverage of 5%. Sampling was initiated a few minutes before commencement of 
printing and continued right through each print run and for about 10 min after the 
printing had ended. While all instruments sampled at intervals of 1 s, the SMPS was 
programmed to perform a scan every two minutes. Each test was repeated three times. 
 
 
2. Results 
 
2.1 Bench-top Experiments 
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With the printer placed on the bench-top and set up to print single pages at 30 s 
intervals, the PTrak monitor indicated large PNC that peaked as each sheet emerged. 
It has been shown previously that the particle number emissions from a given high-
emitting printer are generally unpredictable and not steady in time [3]. Similarly, in 
the present study, it was observed that the maximum PNCs were not consistent and 
showed large variations between individual sheets. In spite of the large PNC 
observed, the electrometer did not detect the presence of any charge on these 
particles. When the sampling ends of the air ion monitors were placed close to the 
moving paper, both positive and negative ion count readings were observed, while no 
readings were observed once the paper stopped moving. No charge was detected 
when the monitors were turned around such that the sampling ends faced away from 
the paper. These observations showed that the monitors were not detecting the 
presence of air ions but surface charge on the sheets of paper as they emerged from 
the printer on to the out-tray. The net charge on the paper was always positive.  
 
Figure 2 shows the readings on the two ion monitors placed at the head (a) and foot 
(b) of the out tray of the printer as three sheets emerged. Note that, at (a), the paper 
passes the monitor while, at (b), it approaches the monitor. The reading at (a) is 
bipolar with a large leading positive signal followed by a smaller negative excursion, 
and at (b) it is unipolar positive, both signals clearly indicating the presence of a net 
positive charge on the paper. 
 
Figure 3 shows the measured PNC and vertical dc electric field measured above the 
out-tray of the printer as ten successive test pages were printed out. The PNC 
increased soon after the emergence of each sheet and the maximum concentrations 
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varied from about 1000 to over 15,000 cm-3 per sheet. This large variation in PNC 
under seemingly identical conditions is typical in laser printers [3]. The dc electric 
field arose from the bound charges on the paper and increased sharply as each sheet 
emerged, decaying exponentially in-between pages. There was no correlation between 
the measured values of the PNC and electric field. A positive reading on the 
fieldmeter corresponded to an upward directed electric field. Thus, the results 
indicated a steadily increasing positive charge on the sheaf of printed paper in the out-
tray. It is clear that, although the charges on the sheets add up, it was not perfectly 
cumulative, possibly due to repulsive forces, shielding and losses to the air and 
through the body of the printer. The first sheet always showed the maximum step 
change. Part of this was no doubt due to triboelectrification caused by the rubbing of 
the first sheet of paper with the plastic out tray. However, each subsequent sheet of 
paper resulted in a further increase of the dc electric field of about +200 V m-1, which 
can only be attributed to bound charge on the paper. Using this value of the electric 
field, we estimated that the bound surface charge density on a printed sheet was about 
0.2 pC cm-2. When a printed sheet of paper was allowed to stand in the tray after 
printing had ended, the surface charge gradually dissipated, showing an exponential 
decay over a period of several minutes. An example is shown in Figure 4. The decay 
is exponential in time with a regression coefficient R2 = 0.98. 
 
2.2 Chamber Experiments 
 
Table 1 presents the maximum PNC, particle size and maximum PCC measured in the 
four tests conducted in the chamber. In each experiment, the measured PNC began to 
increase soon after the first sheet emerged and attained the maximum value at the end 
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of the print run of 150 sheets. Thereafter, the concentration in the chamber decreased 
gradually in time. Column 2 of Table 1 gives the maximum PNC measured at the end 
of each print run and we observe a wide variation in PNC between the four runs. The 
CMD decreased by about 10-20% as the printing progressed and then increased 
gradually after the printing had ended. The CMD values shown in column 3 of the 
table are the values at the end of each print run. The PCC did not show a significant 
increase until about 100 sheets had been printed. Thereafter, it increased rapidly 
reaching a maximum value which varied significantly between the four runs (column 
4). There was no obvious relationship between the three parameters PNC, PCC and 
CMD in the four runs.  
 
Figure 5 presents the properties of the particle number emissions observed in Run 4. 
Figure 5(a) shows the PNC as a function of time. The start and end times of the 150 
sheet print run are indicated. The line graph shows the PNC measured by the CPC 
while the open squares show the corresponding values from the SMPS scans. These 
two sets of values were well-correlated. During printing, the PNC increased steadily, 
reaching a maximum value of 6.4 x 104 cm-3 at the end of the print run. Figure 5(b) 
shows the SMPS scan obtained at 12:17h at the end of the print run. This scan was 
obtained with the SMPS model 3936 and measured particles within the size range 3 – 
160 nm. The maximum PNC, measured by the SMPS at the end of the run, was 6.35 x 
104 cm-3 with a particle CMD of 46 nm. 
 
Each print run was accompanied by steady increase in both air temperature and 
humidity of 4-5°C and 15-20%, respectively. Figure 6 shows the variations in air 
 12
temperature and relative humidity observed in Run 4. The maximum values observed 
at the end of the print run were 28.2°C and 86.6%, respectively. 
 
Figure 7 presents the results of the ion and charge particle measurements in Run 4. 
Although there were considerable differences in charge magnitude, the pattern of 
charging was broadly similar in all four runs. The aerosol electrometer did not 
indicate any significant PCC for the first 4-5 min of printing, except for a small 
negative charge between 4 and 5 min (Fig 7a) that coincided with the detection of a 
low reading on the negative air ion monitor (Fig 7c). Around 5 min after the inception 
of printing, both the positive air ion monitor (Fig 7b) and the aerosol electrometer 
(Fig 7a) began to show positive charge that increased in magnitude and reached 
maximum values of 5000 and 7000 ions cm-3, respectively, at the end of the print run. 
The positive small ion concentration in the chamber dropped to zero soon after the 
end of printing, while the positive PCC decreased more slowly in time. Figure 8 
presents the corresponding response of the electric field meter and shows an 
accumulation of positive charge in the chamber during printing, reaching a maximum 
net positive change of about 10 V m-1 at the end of the print run. The electric field 
remained fairly steady over several minutes after the printing had ended, indicating 
the presence of residual positive charge in the chamber. This would no doubt have 
included the positive charge bound to the paper in the out-tray.  
 
 
3. Discussion 
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The bench-top experiments showed that the polarity of the charge carried by the 
printed paper was positive. As stated earlier, printers can work with either polarity. In 
printers where the photoreceptor drum is given a negative charge, the laser beam 
discharges parts of this area to ‘draw’ the image to be printed as a positive 
electrostatic image on a negative background. The toner powder is given a negative 
charge and clings on to the positive discharged areas on the drum. The paper is given 
a positive charge which is stronger than the positive charge of the electrostatic image 
and, so, pulls the negatively charged toner powder on the drum on to its surface. Thus, 
the pattern to be printed is transferred on to the paper as it moves along the surface of 
the drum. The paper is passed through the fuser where the toner is fused on to the 
paper at a high temperature. The charge on the paper is usually discharged by a 
corona wire but may carry some of this charge out with it. 
 
The chamber results showed that the printer emitted significantly large quantities of 
ions and charged particles into the environment. These maximum values varied 
widely between runs. The amount of charge produced, PCC and/or small ions, bore no 
relationship to the PNC that ranged from 6.3 x 104 to 4.6 x 105 particles cm-3. The 
absence of a direct relationship between PNC and PCC suggests that ion-induced 
nucleation does not play an important role in the particle production process. The 
CMD’s did not show a consistent relationship to the PNC. 
 
Considering the widest range of values of PNC and PCC in Table 1, emitted by the 
printer into the 1 m3 chamber after printing 150 pages, and assuming that there were 
no particle and charge losses during the print run, we estimate that the emission from 
the printer ranged from 4.2 x 108 to 3.1 x 109 ultrafine particles and from 6.0 x 106 to 
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6.9 x 107 ions per page printed. The small ion concentrations dropped rapidly to zero 
soon after the printing ended, while the PCC persisted for several minutes. This is to 
be expected, as free ions in the air quickly attach to aerosol particles. The rapid fall in 
ion concentration also proves that the ions are emitted by the printer during its 
operation and not from the charged paper as it lies on the out-tray. From this study 
alone, it could not be shown whether the printer emitted small ions which then 
attached to particles in the air. It is more likely that both ions and charge particles 
were emitted from the printer together. 
 
The print time for 150 pages by this printer was about 7 min. In all runs conducted 
with this printer in the chamber, although particle emission occurred as soon as the 
printing began, emission of charged particles was not observed until about 4-5 min 
had elapsed after the start of printing. During this time, a small negative small ion 
concentration was noted in the chamber. The production rate of ions sharply increased 
during the printing of the last 50 sheets to reach maximum PCC ranging from +900 to 
+10,400 ions cm-3.   No viable explanation could be identified for this behaviour. The 
emission of positively charged particles was accompanied by a strong emission of 
positive small ions. 
 
As mentioned earlier, Jiang and Lu [10] measured the zeta potential of particles 
emitted by a laser printer and estimated their average surface charge to be of the order 
of 260 to 379 elementary charges. The zeta potential is the electrostatic potential near 
the surface of a particle and is determined by measuring the velocity of the particles in 
a d.c. electric field. It is not a direct measurement of the particle charge. Furthermore, 
the particles were captured in a bath of de-ionized water. It is clear that this method of 
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collecting particles in water would have removed all the volatile material. The large 
majority of particles emitted by a laser printer are semivolatile [3]. In fact, this is 
confirmed by the average particle size of 80 nm reported by Jiang and Lu [10], which 
is higher than that reported by an SMPS in air [3]. Therefore, this study [10] suggests 
that most of the charge emitted by a laser printer resides on the larger particles with 
the large number of smaller particles being uncharged. However, in the present study, 
we observed significantly large emission rates of positive small ions coincident with 
the charge particle emission. In this study, we had no way of measuring charges on 
individual particles and this and other aspects pertaining to the actual mechanism of 
charge emission from laser printers await a further scientific investigation. 
 
As described earlier, there are both positively and negatively charged components 
within a printer. The observations of opposite small ion emissions during the course 
of a run suggest that there are two competing charge sources of opposite sign. In laser 
printers, there are two corona chargers; one for charging the photo-conducting drum 
and the other used for charging the paper. These corona discharge processes could 
ionize the air and ultrafine particles present in the air inside the printer. While it has 
been shown that high voltage electrodes in corona can emit metal ions, the physics 
and chemistry of this process are not well understood [12]. 
 
Initially, it is likely that the ions were emanating from the negatively charged toner. 
As the printer warmed up, increasingly higher positive charges were observed and 
although some of the charge released into the environment may have come from the 
paper on the out-tray, the results showed that the majority was produced directly from 
the printer in the form of both ions and charged particles. 
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4. Conclusions 
 
We have described a methodology for monitoring charged particle and small ion 
emissions from a commercial office laser printer. The methodology enabled the 
particle number, particle charge and small ion charge to be monitored in real time 
during printer operation. By measuring the charge concentration in a closed chamber 
we showed how the emission rates could be calculated. By using a dc electric field 
meter, we showed how the surface charge density on the printed paper could be 
determined. 
 
The sign of emitted charge was always positive. The printed paper emerged with an 
attached surface charge density of about +0.2 pC cm-2 that gradually decayed 
exponentially over a period of several minutes after the end of printing. Ultrafine 
particle number and ion emission rates were estimated by allowing the printer to print 
150 sheets within a closed chamber.  The emission from the printer ranged from 4.2 x 
108 to 3.1 x 109 ultrafine particles and from 6.0 x 106 to 6.9 x 107 ions per page 
printed. 
 
While presenting this methodology, this study was not aimed at quantifying nor 
comparing the emission rates of different printers. However, the study demonstrated 
that laser printers emit charges during their operation. Consequently, these results lead 
to several other aspects, such as the mechanism of charge generation in the printers 
and the potential concern in terms of exposure and possible health effects of the 
charged particles that are produced. These were not investigated within the present 
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study and a full understanding of these processes awaits further investigations in the 
future. 
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Tables 
 
 
Run  Maximum particle 
number concentration 
PNC (part cm-3) 
Particle 
CMD 
(nm) 
Maximum particle  
charge concentration   
PCC (ions cm-3) 
1 4.60 x 105 44 +900 
2 1.10 x 105 70 +3300 
3 1.45 x 105 51 +10400 
4 6.35 x 104 46 +7000 
 
Table 1: Summary of the chamber experiments. 
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Figure Captions 
 
Fig 1: Block diagram of the experimental chamber. Side length of chamber = 1 m. 
 
Fig 2: Readings on ion monitors placed at the head (a) and foot (b) of the out tray of 
the printer during the printing of three pages. The vertical broken lines indicate the 
times at which the top of each sheet emerged out of the printer. 
 
Fig 3: PNC and dc electric field measured over the out-tray of the printer as ten 
successive pages were printed out. The vertical broken lines indicate the times at 
which the first four sheets emerged out of the printer. 
 
Fig 4: The electric field above a printed sheet of paper on the out-tray of the printer as 
a function of time after printing. 
 
Fig 5: Particle number data for Run 4. (a) Variation of PNC in real time and (b) SMPS 
scan obtained at 12:17h at the end of the print run. Particle number was determined in 
the size range D = 3–160 nm. The line shows a three-point moving average. 
 
Fig 6: Air temperature and relative humidity as a function of time in Run 4. 
 
Fig 7: (a) particle charge (b) positive ion and (c) negative ion concentrations as a 
function of time in Run 4. 
 
Fig 8: DC electric field as a function of time in Run 4. The field increases in the 
positive sense during the print run. 
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Fig 8 
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